A high toughness wear resistant coating is produced by laser clad Fe-Cr-W-Ni-C alloys. The microstructural and compositional features of the laser-solidified microstructures and phase evolutions occurring during high temperature tempering at 963 K were investigated by using analytical electron microscopy with energy dispersive X-ray analysis. The clad coating possesses the hypereutectic microstructure consisted of M 7 C 3 + (γ + M 7 C 3 ). During high temperature aging, the precipitation of M 23 C 6 and M 2 C in austenite and in situ transformation of dendritic M 7 C 3 to M 23 C 6 and eutectic M 7 C 3 to M 6 C occurred. The laser clad coating reveals an evident secondary hardening and superior impact wear resistance. C 1999 Kluwer Academic Publishers
Introduction
The possibility of changing the surface composition and structure over a wide range as well as the creation of structures and non-equilibrium phases, render the laser cladding especially interesting and attractive [1] [2] [3] . By using laser-clad process, alloys containing large amounts of key alloying elements, such as high-speed steels and superalloys, can be fabricated.
There is considerable contemporary importance to develop cobalt free ferrous wear resistance material. Fe-Cr-C-X (X = Mn, W, Mo) alloys are excellent candidates [4, 5] . Singh and Mazumder [4] revealed wear properties of laser clad Fe-Cr-Mn-C alloys with metastable M 6 C and M 7 C 3 carbide precipitates to be superior to Stellite 6. Additionally, the high degree of grain refinement and increased homogeneity resulting from the rapid solidification can be expected to yield improved toughness. This is of great interest in the optimization of the microstructures. Komvopoulos and Nagarathnam [5] showed a uniform and hard cladding microstructures of Fe-Cr-W-C alloys with good resistance against shear deformation and microcracking. Recent studies on the wear of laser-treated high speed steel have shown that good toughness combined with high hardness is desirable to withstand the different wear mechanisms [6] . From the microstructural point, the existence of toughness austenite phase with a suitable volume fraction is considered to be helpful to the impact wear and fatigue wear, the main mechanism of which is considered to be the lack of ductility in the local region where the crack forms and grows [7] . With conventional heat treatment, it is difficult to increase toughness without a corresponding decrease in hardness. Thus, from the point of microstructure and alloying as well, to * Author to whom all correspondence should be addressed. design a high toughness wear resistance clad coating is necessary.
Additionally, although microstructural modification of Fe-based alloys by laser clad with various compositions and process parameters has been demonstrated, a rather small amount of attention has been given to the microstructural characteristics and transformations of non-equilibrium and metastable phases especially at an elevated temperature, which control mechanical properties of the coating. Moreover, the emphasis is usually put on the wear behavior without a detailed linkage to the microstructural phenomena causing particular mechanical characteristics.
The objective of the present investigation, therefore, is to provide a comprehensive analysis of the crystal structures and microchemistries of phases in a homogeneous and hard clad coatings developed in the present study and to systematically track microstructure evolutions occurring during subsequent high temperature tempering at 963 K.
Experimental
The coating alloy is a powder mixture of Fe, Cr, W, Ni and C with a weight ratio of 10 : 5 : 1 : 1 : 1. Cr has a dual function, i.e., the predominant carbide former and an important alloying element in the matrix. W is the secondary hardening carbide former and provide additional strength to the matrix. Significant quantities of Ni are added to stabilize the fcc structure as a intrinsic toughness enhancer during service.
Laser-clad is carried out with a continuous wave 3 kW CO 2 laser equipped with a powder delivery system and an argon gas guidance device. A large amounts of experiments are performed to quantify the effect of the laser clad parameters on the properties of the coating on a macroscopic scale, i.e., the thickness, the powderclad efficiency, the volumetric dilution ratio and the crack formation in the coating [8] . Within the range of laser parameters the best results is at a 8 mm/s beam scanning speed, 3 mm beam diameter, 2 kW laser power, and 0.3 g/s feed rate, resulting in a mean coating thickness of 0.8 mm, a volumetric dilution ratio of about 7%, and free from the crack. The substrate material is 5CrMnMo in a quenched and tempered condition.
The as-solidified microstructures and phase transitions during high temperature aging at 973 K for 1 h are analyzed by JOEL-2000FX and Philips EM420 analytical transmission electron microscopy (ATEM). The chemical compositions of each phase are determined using energy-dispersive X-ray analysis (EDX) and EELS in conjunction with ATEM. The electron beam of ATEM EDX produce an electron spot of about 20 nm in diameter. Furthermore, the crystallographic phases of the coating are determined by standard X-ray diffraction techniques so as to support phase identification by TEM experiments.
Apart from above microstructural analyses, mechanical experiments are performed on the coating, including a Vickers hardness measurements and wear tests. The Vickers hardness measurements are carried out with a diamond indenter using a load of 0.2 kg. The impact wear is carried out by using MLD-10 Impact Wear Test Machine. Specimens for the test are φ 10 × 40 mm. Multiple laser tracks were used and the shift between two successive tracks was kept constant. The optimum shift used to ensure a constant thickness coating is determined to be about 25 pct of the beam diameter. particles of 380 mesh size was used as an abrasive. The impact work selected is 0.2 and 3 J respectively. The test parameters were at a flow rate of 180 g/min and impact frequency of 120 cycle/min. The friction counterpart was a hardened and tempered GCr15 steel (HRC62) rotated at a speed of 120 rpm.
3. Results and discussion 3.1. Laser-clad microstructures Fig. 1 shows TEM micrographs of the laser-clad coating. The primary dendritic phase is determined to be M 7 C 3 carbides (M = Cr, Fe, W, Ni), as shown in Fig. 1a . Fig. 1b reveals the interdendritic lamellar eutectic composed of (γ -austenite + M 7 C 3 ). Thus, the microstructure is of hypereutectic feature, i.e., M 7 C 3 + (γ + M 7 C 3 ). Fig. 1c is SADP of the primary M 7 C 3 and surrounded austenite in Fig. 1a , with a pseudohexagonal close-packed (hcp) crystal structure and the unit cell dimensions of crystal structure is a 0 = 13.979Å and c 0 = 4.618Å. Fig. 1d is SADP taken from an area covering an eutectic M 7 C 3 and surrounding austenite of Fig. 1b .
The cooling rates are generally inversely proportional to the spacing of the dendrite arms. For the range of spacings between primary dendrites in the clad coating shown in Fig. 1a and from results for cooling rates of similar Fe-based alloys [9, 10] , it may be postulated that the cooling rate is in a range of 10 3 to 10 5 K/s. Additionally, a large amount of fine structures, such as high dislocation densities, stacking faults, and twins, exist in γ -austenite, as shown in Fig. 2 .
The quantitative microchemistry of various phases is determined by EDX. The element contents of austenite
